A growing number of X-ray sources based on the free-electron laser (XFEL) principle are presently under construction or have recently started operation. The intense, ultrashort pulses of these sources will enable new insights in many different fields of science. A key problem is to provide x-ray optical elements capable of collecting the largest possible fraction of the radiation and to focus into the smallest possible focus. As a key step towards this goal, we demonstrate here the first nanofocusing of hard XFEL pulses. We developed diamond based Fresnel zone plates capable of withstanding the full beam of the world's most powerful x-ray laser. Using an imprint technique, we measured the focal spot size, which was limited to 320 nm FWHM by the spectral band width of the source. A peak power density in the focal spot of 4310 17 W/cm 2 was obtained at 70 fs pulse length.
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T he advent of light sources based on the X-ray free-electron laser (XFEL) principle, has opened the door to a multitude of experiments in various fields of science. The unprecedented brightness, coherence, and the ultra-short pulses of these sources have, e.g., allowed the observation of multiple core-shell ionization and recombination of atoms 1 or coherent diffraction imaging (CDI) with femtosecond exposure to circumvent limitations by radiation damage [2] [3] [4] . Since the Linac Coherent Light Source (LCLS) has recently started to deliver intense XFEL radiation in the hard x-ray range 5 , increasingly challenging experiments can be undertaken such as the ionization of heavier, more complex atoms, or towards CDI of single biomolecules with atomic resolution. In spite of the extreme brightness provided by LCLS, such experiments struggle with poor signal levels. Therefore, it is crucial to compress the hard X-ray beam into the smallest possible focus in order to achieve maximum photon density during a single X-ray shot.
Several nanofocusing schemes have been developed for hard synchrotron radiation. Refractive 6 , reflective 7 , and diffractive 8 devices can in the best case reach values down to tens of nanometres. So far it has not been possible to focus hard XFEL pulses to comparable dimensions, as this type of radiation imposes more stringent requirements. In particular, due to the much larger transverse coherence lengths at XFEL end stations, focusing optics need to provide typically 103 larger apertures of 0.5-1 mm in order to accept all coherent flux and to concentrate it in the smallest possible (i.e., diffraction-limited) spot. Refractive lenses 9 with such large diameters provide the short focal length required for high resolution focusing only when stacked in large numbers, making them very lossy. This constraint -as well as strong chromatic aberrations -are the reasons why, so far, only spot sizes of several mm have been produced at XFEL sources. For better resolution and higher efficiency, mirror systems are favoured, but shape errors of the reflecting surfaces on the order of a nanometer are required to sufficiently reduce aberrations. This is why even the most advanced systems are limited by the achievable fabrication and metrology precision, when made large enough to collect the full coherent beam. Foci on the order of 100 nm are targeted 10 , however, the performance regarding resolution, wave front quality, and stability still remains to be proven, in situ, under full XFEL radiation load.
The aberrations of diffractive x-ray lenses, i.e. Fresnel zone plates (FZPs), are essentially determined by the placement accuracy of the zone structures. State-of-the-art electron-beam lithography (EBL) tools are capable of writing FZP patterns with negligible distortions 11 . In consequence, the spot size obtainable under coherent illumination is only limited to approximately the width of the smallest (outermost) zone structures. FZPs can be made with large diameters, and the ease of alignment makes them convenient to use. The radiation hardness of such devices consisting of nano-structures placed on thin x-ray transparent membranes has been questioned, and even scenarios to use disposable, single-shot zone plates in XFEL experiments have been considered 12 . Recent simulations indicate, however, that the degradation of FZPs in an XFEL beam strongly depends on the materials involved in the manufacturing process 13 . Here we present a first experimental confirmation of these findings.
Results
Three types of FZPs were placed in the full LCLS beam at the maximum pulse energy of approximately 1.2 mJ and a photon energy of 8 keV. The first type of FZPs tested here consisted of gold nanostructures made according to a fabrication procedure frequently applied for devices used at synchrotron end stations (see methods) 14 . Several lenses were irradiated, at the maximum pulse rate of 60 Hz and at 10 Hz, and later inspected by scanning electron microscopy (SEM). The image sequence shown in Fig. 1 demonstrates that zone degradation is observed after 1,000 pulses (i.e. after 15 seconds at 60 Hz), and a complete destruction of the FZP has taken place after 10,000 pulses (i.e. within less than 3 minutes). The dose transferred to the Au structures per pulse was approximately 0.1 eV/atom, which is still below the dose required to initiate melting (0.4 eV/atom). However, due to poor heat dissipation, the temperature of the zone structures rises rapidly, triggering recrystallisation of the gold. A comparison with irradiations at 10 Hz pulse rate (see supplementary material B) showed a clear dose rate effect, which confirms, that thermally activated processes play a significant role.
In order to improve the radiation hardness, we developed a fabrication technique for hard X-ray FZPs based on diamond. The excellent thermal conductivity, low X-ray absorption, and high melting point of this material render it ideally suited for this application.
However, diamond is not a material commonly used in nanofabrication. We developed an oxygen plasma etching process to transfer the EBL written FZP pattern into diamond membrane substrates (see methods). The resulting structures are shown in Fig. 2 .
Used as an x-ray phase-shifting material at hard photon energies, the main draw-back of diamond is its low refractive index decrement at high photon energies, leading to very low diffraction efficiencies. In order to enhance the number of photons diffracted into the focal spot, diamond zone structures were filled with iridium 15 , see Fig. 3a&b by atomic layer deposition (ALD). This approach offers the strong phase-shifting property of this very dense, refractory material (density: 22.5 g/cm 3 , melting point: 2739 K) in intimate contact with a structure of interdigitated diamond cooling fins for optimised heat dissipation. The gain in focusing power is significant, as shown in Fig. 3c . A pure diamond device was capable of diffracting only 2.1% of the incoming 8 keV radiation into the focus, while the Ir-filled FZP reaches 13.2% efficiency at the same photon energy. Irradiation tests at the XPP instrument confirmed, that the diamond based device did not show any noticeable change in structural integrity or optical performance even after being exposed to ,10 5 shots of the LCLS, applying the same pulse energy and pulse rate that had destroyed the gold FZPs.
We used the so-called imprint technique to analyse the FZP's focal spot, which has previously been applied to characterise focusing mirrors with spot sizes of several microns at soft XFEL sources 16, 17 . For this purpose, glass slides coated with a thin Au layer were placed into the focal plane of an Ir-filled diamond FZP with 500 mm diameter. We fired a series of single pulses at these samples over a wide range of pulse energies, and analysed the ablated holes generated in the metal coating. The energy was controlled by the beam attenuators of the experimental station. In addition, the random shot-to-shot fluctuations of the XFEL pulse energy were monitored, and used to determine the energy E of each pulse in the focal spot (see methods). When removing all attenuators, we obtain a maximum value of approx. E max 5 5310 25 J. Several hundred imprints were analyzed, some examples can be seen in Fig. 4 . Following a method introduced by Liu 18 , we plotted the squared imprint radius r over the logarithm of the pulse energy E (Fig. 5a ). In Liu's model, a Gaussian fluence distribution
follows a straight line with a slope of 2s 2 , whereas the x-intercept yields the threshold energy E 0 for ablation of Au. For small fluences our data can be approximated by a line, and a slope corresponding to s 1 5 120 nm is found. The intercept at E 0,1 5 1.45310 28 J can be used to derive a threshold fluence of 7.5 J/cm 2 , corresponding to a dose of 3.2 eV/atom, which is significantly larger than the dose required to bring gold to the boiling point (0.87 eV/atom). This suggests that most of the absorbed energy is taken away from the thin Au layer and dispersed into the volume of the sample by hot electrons.
At higher fluences, the data shown in Fig. 5a appear to have a linear dependence with s 2 5 350 nm. The origin of this second Gaussian is unclear. It could be attributed to long-range interactions in the sample, or indicate spectral components in the vicinity of the XFEL fundamental leading to beam-tails. Nevertheless, the analytical description makes it easy to derive the spot profile in a quantitative way: Fig. 5b shows the same data set of imprints, where the inverse pulse energy is plotted over the imprint radii. Again, the doubleGaussian matches the experimental data well. Its full-width-athalf-maximum (FWHM) value of 320 nm can be taken as the spot It should be noted, that recent measurements indicate an x-ray pulse duration, which is 2-3 times shorter than the actual electron pulse 1 . In this case, the peak power density created in the focus of our lenses would amount to 10 18 W/cm 2 .
Discussion
We have demonstrated the use of diffractive optics for the nanofocusing of hard XFEL radiation. In contrast to Fresnel zone plates made from conventional materials, the presented diamond-based devices are capable of withstanding the extreme radiation levels at the worlds first hard x-ray laser. The significantly improved heat dissipation through the diamond membrane significantly reduces the temperature during irradiation, effectively suppressing thermally activated damage processes. However, we cannot exclude other damage mechanisms that take place over longer time scales, such as the deposition of hydrocarbons from the residual gas atmosphere. Finite element calculations taking into account scenarios of the future European XFEL indicate 13 , that diamond based devices should provide sufficient heat conductivity to avoid thermally induced damage by this much more powerful XFEL.
The obtained resolution value represents the smallest hard XFEL radiation spot reported to date, and the power density is clearly higher than previously reported from LCLS experiments 19 . The gain in photon density provided by the FZP compared to that of the unfocused beam exceeds 10 5 . However, the spot size is significantly larger than the ideal Airy pattern of a zone plate with 100 nm outermost zone width, which should provide a FWHM of 103 nm. The discrepancy can be explained by chromatic aberrations of the FZP at 0.15% relative energy band width, which is close to the value reported for LCLS in Ref. 4 of 0.2%. It can be anticipated, that the performance regarding the achievable spot size will be improved by a factor of 3 through the reduced energy bandwidth of next generation XFELs, that use a seeding scheme 20 . This would instantly result in an increase of the peak power density by almost an order of magnitude. In addition, the FZPs diffraction efficiency could be significantly increased to beyond 50% by blazed structures, fabricated either by several layers of aligned lithography steps 21 or by stacking several FZPs with appropriate geometries 22 . With such improvements, power densities exceeding 10 19 W/cm 2 are within reach. Given these numbers, it can be expected that diamond based diffractive lenses will enable various key experiments at hard XFELs sources.
Methods
Zone plate fabrication. All FZPs used in the experiments described in this letter had 100 nm outermost zone width, and were generated using a 100 keV EBL tool (Vistec EBPG 5000Plus). The Au zone plates shown in figure 1 were fabricated on 250 nm thick silicon nitride membranes by electrodeposition of 1 mm thick Au in a mould of poly-methylmethacrylate (PMMA) EBL resist. The fabrication procedure is described in Ref. 14. The diamond based FZPs shown in Fig. 2 were fabricated on polished 4-5 mm thick diamond membranes (Diamond Materials GmbH) supported by Si frames. The membranes were vapour-coated with a 5-nm thick Cr adhesive and conductive layer and then spin-coated with a 400-550 nm thick layer of negativetone hydrogen silsesquioxane (HSQ) resist (FOx-16 solution, Dow Corning Corp). More details on the fabrication of high aspect ratio FZPs by EBL using HSQ can be found elsewhere 23 . The Cr layer was removed by dry etching in a Cl 2 /CO 2 plasma to expose the underlying diamond surface. The diamond layers were etched in an inductively coupled plasma reactive ion etcher (Oxford Instruments, PlasmaLab 100). The parameters of the etching are similar to those described in Ref. 24 . The ALD of Iridium onto the diamond templates was done using Ir (acac) 3 (acac 5 2,4-pentadionato) and O 2 as precursors at 300uC (F120, ASM Microchemistry Oy). More details can be found in Ref. 15 . A layer thickness of 90 nm was deposited, which completely filled the zone structures over the outer 3/4 of the zone plate area.
The efficiency values shown in Fig. 3 were measured at beam line ID06 of the European Synchrotron Radiation Facility (ESRF) in Grenoble, France, according to a procedure described in detail elsewhere 14 . The zone plates had 100 mm diameter and were produced according to the procedures described above. The 500 mm diameter FZPs used in the LCLS experiment had similar, but somewhat lower efficiency values at 8 keV photon energy of 7.5% for the Ir-filled device and of 2.0% for the diamond device. This discrepancy can be explained by deviations from the optimum zone profile.
Experimental setup at LCLS. The experiments were performed at the X-ray PumpProbe instrument (XPP) inside a dedicated experimental chamber evacuated to the 10 24 mbar level. It was separated from the beam line vacuum by a 100 mm diamond window. For on-line observation of radiation damage and for alignment, an X-ray camera was placed downstream of the FZP, the imprint samples, and a Be exit window. During all experiments presented here, the LCLS source was operated at 8 keV, 1.2 mJ mean pulse energy, 70 fs pulse length, 250 pC bunch charge, without monochromator. The FZPs chips were clamped to a metal holder without any additional cooling. No central stop or order sorting aperture was used, as the effect of parasitic diffraction orders was negligible.
Radiation damage tests. For each irradiation, a new Au FZP was used and later inspected by SEM. The pulse rate during the irradiation tests on the gold zone plates was 60 Hz for the results shown in Fig. 1 . Additional SEM images showing damage induced at 10 Hz pulse rate are shown in the supplementary material B. The level of damage seems to be reduced compared to the 60 Hz irradiation, indicating, that dose rate effects leading to heating of the FZP structures play a dominant role. It is uncertain whether the Au structures actually reach the melting point, as the extensive deformation and rearrangement of the metal may also occur at somewhat lower temperatures by recrystallization.
Resolution tests. The glass slides were coated with a 5 nm thick adhesive layer of Cr and a 40 nm thick gold layer by thermal evaporation. The slides were placed in the focal plane 323 mm downstream of the FZPs, and series of single pulses were fired at the sample. Attenuators upstream of the FZPs allowed for a control of the pulse power in steps of approximately a factor of 2 (see insets in Fig. 5a and 5b). A finer variation of pulse energy was given by the shot-to-shot fluctuations of the source. The pulse power incident on the FZP plane was determined for each shot by intensity monitors downstream of the attenuators. A beam line transmission of 0.5 was assumed to account for photons lost in the beam line windows and by missing the FZP aperture. Taking into account the measured FZP diffraction efficiency leads to an energy of E max 5 5310 25 J in the focus of the Ir-filled FZP when no attenuators are in the beam. This value was used for scaling the x-axis in Fig. 5a and the y-axes in Fig. 5b . However, as the position of the LCLS beam in the FZP plane fluctuated significantly, the fraction of the radiation collected by the FZP aperture varied. This causes a large scatter of the imprint dimensions, which cannot be corrected using the intensity monitor. To account for this effect, the lines in Fig 5a and , correspondingly, the double-Gaussian curve in Fig. 5b were placed such, that they represent envelopes rather than fits of the experimental data. Therefore, only data points close to these lines/curves represent pulses that fully hit the FZP aperture. The imprint diameters in the Au layer were measured in a SEM under normal viewing angle.
